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CyanobacteriumCyanobacteria have multiple psbA genes encoding PsbA, the D1 reaction center protein of the Photosystem II
(PSII) complex. The thermophilic cyanobacterium Thermosynechococcus elongatus has three psbA genes differ-
ently expressed depending on the environmental conditions. Among the 344 residues of PsbA, there are 21
substitutions between PsbA1 and PsbA3, 31 between PsbA1 and PsbA2 and 27 between PsbA2 and PsbA3. In
this study, we found a new hemoprotein that is expressed when the T. elongatus genome has only the
psbA2 gene for D1. This hemoprotein was found in both the non-membrane proteins and associated to the
puriﬁed PsbA2-PSII core complex. This protein could be removed by the washing of PSII with Tris-washing or
CaCl2-washing. From MALDI-TOF/TOF spectrometry, N-terminal sequencing and MALDI-MS/MS analysis upon
tryptic digestion, the new hemoprotein was identiﬁed to be the tll0287 gene product with a molecular mass
close to 19 kDa. Until now, tll0287was registered as a gene encoding a hypothetical proteinwith an unknown func-
tion. From the amino acid sequence and the EPR spectrum the 5th and 6th axial ligands of the heme iron are the
His145 and likely either the Tyr93, Tyr159 or Tyr165, respectively. From EPR, the heme containing Tll0287 protein
associated to PsbA2-PSII corresponds to approximately 25% of the Cytc550 contentwhereas, from SDS page analysis,
the total amount of Tll0287with andwithout the heme seems almost in a stoichiometric amount with PsbA2-PSII.
Homologous genes to tll0287 are found in several cyanobacteria. Possible roles for Tll0287 are suggested.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
Light-driven water oxidation catalyzed by Photosystem II (PSII) is
the ﬁrst step in the photosynthetic production of biomass, fossil fuels
and O2 on Earth. Reﬁned three-dimensional X-ray structures from
3.5 Å to 2.9 Å resolution have been obtained using PSII isolated from
the thermophilic cyanobacterium Thermosynechococcus elongatus [1,2]
and at 1.9 Å resolution from Thermosynechococcus vulcanus [3]. In
T. elongatus and T. vulcanus, the PSII core complex in which PsbA1 is
the D1 protein is made up of 17 trans-membrane proteins (although
PsbY is missing in [3]) and 3 extrinsic proteins. The main cofactorshyll; MES, 2-(N-morpholino)
he second electron donor; QA,
eptor; 43H, T. elongatus strain
Paramagnetic Resonance; PQ,
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PD2, Chl monomer of P680 on
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l rights reserved.involved in the function of PSII are integral components of the D1
(PsbA) and D2 (PsbD) proteins. In total, PSII contains 35 chlorophylls
(Chl), 2 pheophytins (Pheo), 2 hemes, 1 non-heme iron, 2 plastoqui-
nones, 3–4 calcium ions, one of which is part of the Mn4CaO5 cluster,
3 chloride ions, two of which are at ≈7 Å from the Mn4CaO5-cluster,
11–12 carotenoid molecules, more than 20 lipids and ≈1300 water
molecules [3].
In PSII, the excitation resulting from the absorption of a photon is
transferred to the photochemical trap which undergoes a charge sepa-
ration. The positive charge is then stabilized on P680, a weakly coupled
chlorophyll dimer (PD1 and PD2). Then, P680+• oxidizes the tyrosine resi-
due of the D1 polypeptide, TyrZ, which in turn oxidizes the Mn4CaO5-
cluster, the catalytic center for water oxidation. On the acceptor side,
the pheophytin anion (PheoD1−•) transfers the electron to the primary
quinone electron acceptor, QA, which in turn reduces the second
quinone, QB. QA is tightly bound and acts as a one-electron carrier
whereas QB acts as a two-electron and two-proton acceptor with a
stable semiquinone intermediate, QB−•. While the QB−• semiquinone
state is tightly bound, the quinone and quinol forms are exchangeable
with the quinone pool in the thylakoid membrane, e.g. [4–9]. The
Mn4CaO5-cluster acts both as a complex accumulating oxidizing equiv-
alents and as the catalytic site for water oxidation. The enzyme cycles
sequentially through ﬁve redox states denoted Sn where n stands for
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the S4 state, two molecules of water are rapidly oxidized, the S0 state
is regenerated and O2 released [5,10–13].
Cyanobacterial species have multiple psbA genes encoding the D1
protein, e.g. [14–23] which are known to be differentially expressed
depending on the environmental conditions, e.g. [14–22,24,25]. In
particular, speciﬁc up/down-regulations of one of these genes under
high light conditions are indicative of a photo-protection mechanism.
For example, Synechocystis PCC 6803, a mesophilic cyanobacterium,
has three psbA genes in its genome. Two (psbAII and psbAIII) of
these produce an identical D1. Nevertheless, while psbAII is expressed
under the “normal” laboratory cultivation conditions, transcription of
psbAIII is induced by high light or UV light [17] and that of psbAI
seems triggered by micro-aerobic conditions [20]. T. elongatus has
also three different psbA genes in its genome [23]. In this cyanobacte-
rium, it has been reported that psbA1 is constitutively expressed
under “normal” laboratory conditions, while the transcription of
psbA3 is induced by high light or UV light illumination [18,24,25]. Al-
though it has been demonstrated that transcription of psbA2 is partial-
ly induced by microaerobic conditions [20], the essential expression
conditions of psbA2 are still not clear.
In T. elongatus, among the 344 residues constituting D1 there are 21
substitutions between PsbA1 and PsbA3, 31 between PsbA1 and PsbA2
and 27 between PsbA2 and PsbA3. There are an increasing number of
reports aiming at characterizing how the PsbA1/PsbA3 substitution
tunes the properties of the PSII cofactors [21,24–30]. The effects of
the PsbA(1/3)/PsbA2 substitution are much less documented. In the
ﬁrst study [31], it has been shown that the geometry of the phenol
group of TyrZ and its environment, likely the hydrogen bond between
TyrZ and His190, are modiﬁed in PsbA2-PSII when compared to
PsbA(1/3)-PSII. This previous study also pointed to the dynamics of
the proton coupled electron transfer processes associated with the
oxidation of TyrZ being affected. It was proposed that the Cys144Pro
and Pro173Met substitutions in PsbA2-PSII versus PsbA(1/3)-PSII, re-
spectively located upstream of the α-helix bearing TyrZ and between
the 2 α-helices bearing TyrZ and its hydrogen-bonded partner, His190,
were responsible for these changes.
In this work, by using EPR spectroscopy, absorption spectroscopy,
MALDI-TOF/MS spectrometry and biochemical analysis, it is shown
that when the T. elongatus genome contains only the psbA2 gene
encoding D1, a new hemoprotein is present in the non-membrane
protein fraction and is also detected associated with the puriﬁed
PSII core complex.
2. Materials and methods
2.1. T. elongatus strains and isolation of PSII complexes
The constructions of psbA-deletionmutants from a T. elongatus 43-H
strain that had a His6-tag on the C-terminus of CP43 [32] and that had
only either the psbA1 gene (WT*1) [29] or the psbA2 gene (WT*2) [31]
or the psbA3 gene (WT*3) [33] have been described previously. The
cells were grown in 1-L cultures of DTN in 3-L Erlenmeyer ﬂasks in a
rotary shaker with a CO2-enriched atmosphere at 45 °C under continu-
ous light (Grolux, Sylvania) as previously described [31–33]. After
the breaking of the cells with a French press the unbroken cells
were pelleted by centrifugation for 5 min at 3000 g. Then, the thylakoid
membranes were pelleted by ultracentrifugation for 25 min at
300,000 g. Before the addition of the detergent to the thylakoids they
were extensively washed (by resuspension/centrifugation cycles) until
the supernatant became clear, i.e. almost free from non-membrane
proteins. The supernatants containing the non-membrane proteins
were frozen at −28 °C until used. The PSII core complexes were then
prepared essentially as described earlier [31–33]. For PSII puriﬁcation,
glycerol was avoided from the elution step of the Ni2+-column to
the end of the puriﬁcation. The ﬁnal resuspending medium for PSIIcontained 1 M betaine, 15 mM CaCl2, 15 mM MgCl2, 40 mM MES,
pH 6.5 (adjusted with NaOH).
For the CaCl2-washing treatment, the PSII was ﬁrst pelleted by
centrifugation for 3 h at 600,000 g. Then, the pellet was resuspended
in 2 M CaCl2 and incubated for 30 min on ice. Then, the PSII was again
pelleted by centrifugation for 3 h at 600,000 g before resuspension in
1 M betaine, 15 mM CaCl2, 15 mMMgCl2, 40 mMMES, pH 6.5. The su-
pernatant containing the proteins released by the CaCl2-washing was
concentrated by using AmiconUltra-15 concentrator devices (Millipore)
with a 3 kDa cut-off. Two to three cycles of concentration/dilution in
1 M betaine, 15 mM CaCl2, 15 mM MgCl2, 40 mM MES, pH 6.5 were
repeated before freezing the samples at −28 °C. Tris-washing was
done as the CaCl2-washing but with 1.2 M Tris, pH 9.2. Absorption
spectra were recorded with a Uvikon XL spectrometer.2.2. EPR spectroscopy
Cw-EPR spectra were recorded using a standard ER 4102 (Bruker)
X-band resonator with a Bruker Elexsys 500 X-band spectrometer
equipped with an Oxford Instruments cryostat (ESR 900). The PSII
samples at≈1.6 mg of Chl mL−1 were loaded in the dark into quartz
EPR tubes and further dark-adapted for 1 h at room temperature.
Then, the samples were frozen in the dark to 198 K and then trans-
ferred to 77 K in liquid N2. The samples containing the proteins re-
leased by the CaCl2-washing treatment and the samples containing
the soluble proteins of the cells were loaded into quartz EPR tubes
and they were frozen to 198 K and then transferred to 77 K. Prior to
the measurements all the samples were degassed at 198 K.2.3. MALDI-TOF/mass spectroscopy
MALDI-TOF/MS measurements were done as described earlier
[27,34]. The isolated PSII complexes (30 and 150 μg of Chl mL−1 for
linear mode and reﬂector mode, respectively) were mixed with the
same volume of a saturated matrix (sinapic acid, Fluka) solution that
consisted of 60% acetonitrile and 0.1% triﬂuoroacetic acid. MALDI-TOF
mass analysis was performed using a Voyager-DE PRO MALDI-TOF
mass spectrometer (Applied Biosystems). The instrumentwas operated
in reﬂector mode at a 20-kV accelerating voltage and 100-ns ion
extraction delay with the nitrogen laser working at 337 nm and 3 Hz.
Two hundred laser ﬂashes were accumulated per spectrum. The m/z
values in Fig. 4 result from the average of hundred spectra. Internal cal-
ibration was performed on the samples premixed with human adreno-
corticotropic hormone fragment (from Sigma, average m/z = 2466.72,
resolved m/z = 2465.1989), with bovine insulin (from Sigma, average
m/z = 5734.51, resolved m/z = 5730.6087) and bovine heart
apomyoglobin (from Sigma, average m/z = 16952.27).2.4. SDS-polyacrylamide gel electrophoresis
PSII complexes were solubilized with 2% lithium lauryl sulfate
and then analyzed by SDS-polyacrylamide gel electrophoresis with a
16–22% gradient gel containing 7.5 M urea as described previously
[35].2.5. Determination of N-terminal sequence
After the SDS-polyacrylamide gel electrophoresis, protein bands
were transblotted onto PVDF membrane (Amersham Hybond-P, GE
Healthcare). Then, the proteins were stained with Coomassie Brilliant
Blue (CBB). The N-terminal sequencing of the band cut from the PVDF
membrane was done by the Edman procedure (Genosphere Biotech.,
Paris).
1 2 3
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Proteins released from PSII by CaCl2 washing and the extra band in
PsbA2-PSII in Fig. 2 were both analyzed by this technique (SIMOPRO,
CEA Saclay).
2.7. Gel ﬁltration chromatography
PSII samples (50 μL at 0.5 mg Chl mL−1) in 40 mM MES, 15 mM
MgCl2, 15 mM CaCl2, 100 mM NaCl and 0.03% β-DM at pH 6.5 were
loaded on a BioSep-SEC-S 3000 column mounted on a BioLogic Duo
Flow System (Bio-Rad) with Quad Tec™ UV/VIS detector (Bio-Rad)
for detection of both absorption at 280 nm and 673 nm. The ﬂow
rate was set up to 1 mL min−1 with the same buffer as above. Frac-
tions of 0.5 mL were successively collected. The working pressure
was about 600 psi.
3. Results
Fig. 1 shows the EPR spectra recorded on the fractions containing
all the non-membrane proteins obtained after the breaking of the
cells and the removal of the membranes by centrifugation. Spectrum
a was recorded on the soluble proteins from WT*1 cells, spectrum b
on the soluble proteins from WT*2 and spectrum c on the soluble
proteins from WT*3 cells. In the three samples, among the easily
EPR detectable species, there were the Cytc550 pool exhibiting a gz
value at 2.96 (≈2290 G) [36] and the Fe-superoxide dismutase pool
with characteristic resonances below 2000 G [37]. The resonance at
≈2700 G (g ≈ 2.51) likely corresponded to the gz resonance of the
proportion of Cytc6 which was oxidized under these conditions. The
six lines centered at g = 2 arose from free Mn2+.
From the experiment reported in Fig. 1 an additional EPR signal
with the characteristic shape of an oxidized low spin cytochrome
with gz = 2.41 and gx = 1.91 was detected in the non-membrane
proteins extracted from WT*2 cells. The gy value could not be deter-
mined accurately here because it is superimposed on the gy signal
from other cytochromes but as it will be shown below is close to
2.24. To see if the protein content of puriﬁed PSII was also affecteda
b
c
2.24
2.41
1.91
Magnetic Field (gauss)
0 1000 2000 3000 4000
Fig. 1. Comparison of the EPR spectra recorded on the supernatant of the membrane
containing fraction after the breaking of WT*1 cells (a), WT*2 cells (b) and WT*3
cells (c). The spectra were arbitrarily scaled to the amplitude of the gz signal of
Cytc550. Instrument settings: modulation amplitude, 25 G; microwave power, 20 mW;
temperature, 30 K; microwave frequency, 9.4 GHz; modulation frequency, 100 kHz.by the presence of PsbA2 we have compared the puriﬁed PsbA2-PSII
to PsbA1-PSII and PsbA3-PSII.
Comparison of the polypeptide content of puriﬁed PsbA2-PSII with
that of PsbA1-PSII and PsbA3-PSII was done by SDS-polyacrylamide
gel electrophoresis and MALDI-TOF mass spectrometry. The CBB-
staining after the SDS-polyacrylamide gel electrophoresis is shown in
Fig. 2. It allows us to visualize the protein content in the molecular
mass range from ≈8 kDa to ≈50 kDa. The major change observed
in Fig. 2 was the presence of a band at ≈19 kDa (indicated with an
asterisk) in PsbA2-PSII which was not detected in PsbA1-PSII and
PsbA3-PSII. The migration of the D1 protein (PsbA2) was also found
slightly but reproducibly faster in PsbA2-PSII than in both PsbA1-PSII
and PsbA3-PSII. This was conﬁrmed by an immuno-blot analysis with
an antibody against D1 and used on puriﬁed PsbA2-PSII (see Supple-
mentary material). In contrast, the immunoblot analysis performed
with thylakoids did not reveal any differences in the migration of the
D1 protein in none of the 3 samples. Since under saturating continuous
illumination the oxygen evolving activity of puriﬁed PsbA2-PSII was
found similar to that of PsbA1-PSII [31], it seems unlikely that a D1
degradation was at the origin of the slightly different migration ob-
served in PsbA2-PSII. A better characterization of this (these) change(s)
will be the subject of future works.
Because the separation of small peptides with a molecular mass
smaller than 10 kDa is difﬁcult on a gel electrophoresis, puriﬁed PSII
was also analyzed with MALDI-TOF mass spectrometry (Fig. 3). The
polypeptide contents of the PsbA1-PSII, PsbA2-PSII and PsbA3-PSII
complexes in the low m/z ranges from 3800 to 5200 and 5500 to
18,000 are shown in Fig. 3A and B, respectively. Fig. 3A shows that the
content of the small peptides, PsbT, formylated PsbM(M-for), PsbJ, acet-
ylated PsbM (M-ace), PsbK, PsbX, PsbL, PsbI, PsbY, PsbF and Psb30 in
PsbA2-PSII (spectrum b) was similar to that in PsbA1-PSII (spectrum a)
and to that in PsbA3-PSII (spectrum c). In the m/z range from 5500 to
18,000, Fig. 3B, the PsbZ, PsbH, PsbE, PsbU and PsbV peptides wereCP47
CP43
Cyt c550
D2
D1
33 kD 
12 kDa
Cyt b559
Tll0287
*
Fig. 2. CBB-staining of SDS-polyacrylamide gel electrophoresis of isolated PsbA1-PSII
(lane 1), PsbA2-PSII (lane 2) and PsbA3-PSII (lane 3). The amount of PSII loaded was
8 μg of Chl. An asterisk shows the extra protein band around 19 kDa. The number on
the left indicates the molecular masse scale in kDa. The CP47 is PsbB, the CP43 is
PsbC, the 33 kDa protein is PsbO, D2 is PsbD, D1 is PsbA, Cytc550 is PsbV, the 12 kDa
protein is PsbU, Cytb559 α is PsbE.
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Fig. 3.MALDI-TOF mass spectra inm/z 3800–18,000 molecular mass range of isolated PsbA1-PSII (a), PsbA2-PSII (b) and PsbA3-PSII (c) in the reﬂector mode (panel A) fromm/z =
3800 to 5200, and in the linear mode (panel B) from m/z = 5500 to 18,000. Numbers under annotations indicate m/z values. Human adrenocorticotropic hormone fragment with
m/z = 2465.1989 and bovine insulin m/z = 5730.6087 were used to calibrate the m/z scale in reﬂector mode (panel A). In linear mode (panel B), bovine insulin with m/z =
5734.59 and bovine heart apomyoglobin with m/z = 16,952.27 were used for the calibration. The unlabeled peaks at m/z = 7874 and m/z = 8476 very likely correspond to
PsbV and apomyoglobin, respectively, for z = 2.
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subunit of Cytb559), PsbU (the extrinsic 12 kDa protein) and PsbV (the
Cytc550) were also clearly detected in the SDS-polyacrylamide gel elec-
trophoresis. So, there were no additional peptides and no missing pep-
tides in any of the 3 PSII core complexes in the 3800 Da to 18,000 Da
range (Fig. 3) and in the high molecular mass range (Fig. 2) with the
exception of the≈19 kDa protein present in PsbA2-PSII. The peptides
detected here in PsbA1-PSII were those and only those present in the
X-ray structure. Accordingly, the puriﬁcation procedures resulted in
PSII free from major contaminations detectable by MALDI-TOF mass
spectrometry.
To better estimate the molecular mass of the new protein(s)
detected in lane 2 of Fig. 2, the MALDI-TOF spectra were recorded in
the m/z region between 14,000 and 20,000 (Fig. 4). Spectrum a was
recorded on PsbA1-PSII, spectrum b on PsbA2-PSII and spectrum c on
PsbA3-PSII. As expected from Fig. 2, extra protein(s) was (were)
found in them/z region around 19,000 Da in PsbA2-PSII. Several peaks
were observed and to estimate accurately the molecular size of each
of them, a hundred of experiments were averaged in spectrum b. Themolecular masses of these new proteins detected in PsbA2-PSII were
found to be 18,616.43 Da, 18,983.43 Da, 19,147.98 Da, 19,165.73 Da
and 19,842.55 Da. In the following we present the results of experi-
ments aiming at identifying these new proteins.
The amino acid sequence(s) of the new protein(s) was (were)
analyzed by two different methods. First, the extra band at ≈19 kDa
on the SDS-polyacrylamide gel electrophoresis in Fig. 2 was analyzed
with a N-terminal sequencing procedure by using the Edman degrada-
tion. N-terminal sequences corresponding to SANPE, APLAS, ASLWI and
possibly GSPAP were found (see Supplementary material). A BLAST
search indicated that all these sequences belong to the tll0287 gene
product in T. elongatus. This was further conﬁrmed with Mascott
after tryptic digestion and MALDI-MS/MS analysis (see Supplementary
material). Until now the tll0287 gene product was registered as a
hypothetical protein with an unknown function. The protein sequence
deduced from the tll0287 gene is shown in Fig. 5.
Fig. 6 shows the EPR spectra of puriﬁed PsbA2-PSII recorded with
a microwave power equal to 20 mW at either 8.6 K (spectrum a)
or 30 K (spectrum b). Signals at magnetic ﬁeld values lower than
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Fig. 4.MALDI-TOF mass spectra in the 14,000–20,000 molecular mass range of isolated
PsbA1-PSII (a), PsbA2-PSII (b) and PsbA3-PSII (c) in the linear mode.
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Fig. 6. EPR measurements: Spectrum a, untreated PsbA2-PSII at 8.6 K. Spectrum b,
untreated PsbA2-PSII at 30 K; Spectrum c, untreated PsbA1-PSII at 30 K; Spectrum d,
untreated PsbA3-PSII at 30 K. Spectrum e, CaCl2-washed PsbA2-PSII at 30 K. Spectrum
f, supernatant of the CaCl2-washing of PsbA2-PSII at 30 K; Spectrum g partially puriﬁed
Tll0287 protein at 30 K. Other instrument settings: modulation amplitude, 25 G;
microwave power, 20 mW; microwave frequency, 9.4 GHz; modulation frequency,
100 kHz. For spectra a, b and c [Chl] was 1.6 mg mL−1 and the TyrD• spectral region
at g ≈ 2 was deleted. The amplitude of spectrum g was arbitrarily scaled.
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g = 1.45 arise from Cytc550 and from Cytb559 in centers in which this
cytochrome was oxidized. All these signals were detected at both
8.6 K and 30 K. In contrast, increasing the temperature from 8.6 K
to 30 K strongly enhanced the amplitude of a new signal, detected
as a trace in spectrum a, with a positive feature at g = 2.41 and a neg-
ative one at g = 1.91. The resonances at g = 2.41 and g = 1.91 are
identical to those detected in spectrum b in Fig. 1 and were detected
neither in PsbA1-PSII (spectrum c) nor in PsbA3-PSII (spectrum d).
They very likely originate from the newly identiﬁed proteins in
Fig. 2 and 4. So, the Tll0287 protein found in a large amount in
the fraction containing the non-membrane proteins was also found
associated to the puriﬁed PsbA2-PSII. Fig. 7 shows the EPR spectra
recorded in extensively washed thylakoids (spectrum a) and in puriﬁed
PsbA2-PSII (spectrum b). The ratios Tll0287(PSII bound)/Cytc550(PSII bound)Fig. 5. Deduced amino acid sequence from the tll0287 gene in T. elongatus. The underlined a
using the Edman procedure. The frame shows the conserved heme-binding motif (CxxCH) an
heme iron axial ligand. The doubly underlined amino acids are those belonging to the fragmin membranes before the addition of the detergent and in puriﬁed
PSII were found similar. The dimer and monomer forms of PSII were
also further puriﬁed by gel ﬁltration chromatography (not shown).
SDS-polyacrylamide gel electrophoresis analysis revealed that both the
dimer and monomer forms retained some Tll0287 protein. All these
observations argue against a contamination. Rather, they suggest that
Tll0287 is associated to the PSII core complexwhen D1 is PsbA2. Indeed,
a contamination is expected to disappear during the PSII puriﬁcation
from thylakoids and the further gel ﬁltration chromatography.
The new EPR signal from Tll0287 detected here was not observed
in the ﬁrst study of PsbA2-PSII [31] in which the EPR spectra were
recorded at 8.6 K and at 20 mW for the microwave power. The micro-
wave power saturation characteristics of the new species were there-
fore more precisely determined in the experiment reported in Fig. 8
and they were compared to those of Cytc550 and Cytb559. Fig. 8
shows the microwave power saturation characteristics of the new gz
resonance at g = 2.41 (triangles), of the gz resonance of Cytc550
at g = 3.0 (squares) and of the gz resonance (g = 3.07) of themino acid residues are those belonging to the main N-terminal sequences detected by
d the stars the conserved tyrosine residues which are potential candidates to be the 6th
ents identiﬁed with Mascot after tryptic digestion and MALDI-MS/MS.
aMagnetic Field (gauss)
b
2000 2500 3000 3500 4000 4500
Fig. 7. Comparison of the EPR spectra recorded with PsbA2-thylakoids (a) and with
PsbA2-PSII. The two spectra were scaled to the amplitude of the gz signal of Cytc550.
Same instrument settings as in Fig. 6.
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untreated PsbA2-PSII sample (circles). This latter signal was induced
by 77 K illumination after the recording of the two previous sets of
data. Data were collected at 15 K. The continuous lines correspond
to the ﬁts of the experimental data points using the equation: Signal
amplitude = k√P / (1 + P / P1/2)b/2 with k a proportionality factor,
P the applied microwave power, P1/2 the microwave power at
half-saturation and b the inhomogeneity factor. The P1/2 and b param-
eters were respectively found to be equal to 76 mW and 2.2 for
Cytb559, 11 mW and 1.4 for Cytc550, and 2.1 mW and 1.5 for the
gz = 2.41 resonance. Clearly, the gz resonance at g = 2.41 saturates
at a lower microwave power than that from Cytc550 and at an even
much lower microwave power than the gz resonance from Cytb559.
The tendency of the gz = 2.41 resonance to strongly saturate undermW1/2
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Fig. 8. Amplitude of the gz resonance at 15 K versus the square root of the microwave
power for Cytc550 (squares) and for the non-relaxed state of the high potential form of
Cytb559 induced by 77 K illumination (gz = 3.07) in the same untreated PsbA2-PSII
sample (circles) and for the new resonance at gz = 2.41 (triangles). The continuous
lines correspond to the ﬁt of the experimental data points using the equation: Signal
amplitude = k√P / (1 + P / P1/2)b/2 with k a proportionality factor, P the applied mi-
crowave power, P1/2 the microwave power at half-saturation and b the inhomogeneity
factor. The P1/2 and b parameters were respectively found to be equal to 76 mW
and 2.2 for Cytb559, 11 mW and 1.4 for Cytc550, and 2.1 mW and 1.5 for the new
gz = 2.41 resonance.the microwave power conditions used to record the S2 multiline sig-
nal explains why this signal could escape detection in our previous
work [31]. These relaxation properties also suggest that either the
distance between the newly identiﬁed heme and potentially relaxing
species like paramagnetic metals present in PSII or the spin lattice
relaxation properties strongly differ when compared to Cytc550 and
Cytb559.
In an attempt to purify the new protein, biochemical treatments
known to release the extrinsic proteins from PSII have been tested.
Such treatments were done on PsbA2-PSII ﬁrst pelleted by ultracentri-
fugation. Then, both a CaCl2-washing and a Tris-washing were found
effective in the release of the protein exhibiting the new EPR signals
in addition to the release of the PsbV (Cytc550), PsbU (12 kDa) and
PsbO (33 kDa) proteins (not shown). Spectrum e in Fig. 6 was recorded
on CaCl2-treated PsbA2-PSII pelleted by centrifugation and spectrum f
was recorded on the supernatant of the CaCl2-washing procedure. In
spectrum e, the signal from Cytc550 greatly decreased and that one
with gz = 2.41 and gx = 1.91 fully disappeared. The signal at g ≈ 3.0
results now from the superimposition of the gz resonance of the still
PSII bound Cytc550 to the gz resonance of Cytb559 which was converted
into the low potential form by the treatment and which was oxidized
at the ambient potential. Spectrum f shows slightly modiﬁed g values
for the unbound Cytc550 as previously reported [36]. Resonances at
g = 2.41 and g = 1.91 were now detected in the sample containing
the proteins released by the CaCl2-treatment. From the comparison of
spectra b and d in Fig. 6 it is clear that the new heme protein exhibited
similar gz and gx values in the unbound and bound states in contrast
with Cytc550 which exhibits a small change in the g values in the
unbound and bound states [36].
A gel permeation chromatography has been performed on the
fraction containing the proteins released by either Tris-washing or
CaCl2-washing. The absorption spectrum of the partially puriﬁed
Tll0287 protein shows that it was mainly oxidized and that the
Soret band was at 415 nm instead of 407 nm for Cytc550 (see Supple-
mentary material). Spectrum g in Fig. 6 was recorded on the fraction
from the gel permeation enriched in the Tll0287 protein and lacking
the Cytc550. The EPR signal was similar to that recorded in puriﬁed
PsbA2-PSII (spectrum b). From spectrum g, the gy value of the
Tll0287 protein could also be determined to be 2.24.
Fig. 9 shows a MALDI-TOF analysis of the pellet (spectrum b) and of
the supernatant (spectrum c) resulting from the CaCl2-treatment on
PsbA2-PSII. These two samples exhibit the EPR spectra e and f, respec-
tively, in Fig. 6. For an easier comparison, spectrum a in Fig. 8 corre-
sponds to untreated PsbA2-PSII and is a re-plot of spectrum b in Fig. 4.
In spectrum b of Fig. 9, the signal from Cytc550 greatly diminished, the
mass if with m/z ≈ 19,000 fully disappeared in CaCl2-treated PSII and
the released proteins appeared in the supernatant (spectrum c). Consis-
tently with the EPR data, the CaCl2-washing resulted in the removal of
Cytc550 bound to PSII (the PsbV containing heme with m/z ≈ 15,748)
in the great majority of centers and in the total removal of proteins
with peaks with m/z values between 18,000 and 20,000. So, one or
some of these peptides bind a heme and as it will be shown below, it
seems likely that the peak atm/z 19,147.98 in spectrum a is very likely
equivalent to the peak atm/z 19,150.34 in spectrum c.
From the experiments reported in Fig. 4 and 9, and from the
N-terminal sequencing, the Tll0287 protein could be detectable with
different sizes. Table 1 summarized the calculated and experimentally
determined molecular masses of Tll0287 with tentative correspon-
dences between the different peaks in the MALDI-TOF spectra
and the different N-terminal sequences found. The polypeptides with
m/z values equal to 18,616.43, 18,983.43, 19,147.98 and 19,842.55 ob-
served in the MALDI-TOF/MS very likely correspond to truncated poly-
peptides after positions 24, 20, 17 and 11, respectively. The peak atm/z
19165.73 could correspond to the peptide with 24 residues truncated
on the N-terminal region (Δ24) and with the heme bound. In conclu-
sion, all polypeptides detected around 19 kDa in the MALDI/TOF mass
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Fig. 9. Comparison by MALDI-TOF mass spectra in the 14,000–20,000 molecular mass
range between untreated PsbA2-PSII (spectrum a), pellet of CaCl2 washed PsbA2-PSII
(spectrum b) and supernatant of CaCl2-washed PSII containing the proteins released
by the treatment (spectrum c).
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uct seems to be detectable with at 4 N-terminal sequences that are:
SANPE, APLAS, GSPAP and ASLWI. For the proteins with APLAS and
SANPE for the N-terminal sequences, an extra mass around 70–80 Da
was detected. The origin of this extra mass remains to be determined
but could originate from a heme fragment bound to the protein after a
partial degradation of the heme during the MALDI-TOF experiment.Table 1
Calculated and experimentally determined molecular masses of the Tll0287 protein
with the different N-terminal sequences found by using the Edman procedure.
N-ter
sequence
Processing site
(truncation)
Calculated mass
[M + H]+ in Da
Experimentally measured mass
[M + H]+ in Da
−Heme +Hemea −Heme +Heme
ASLWI 11/12(Δ11) 19838.16 20456.37 19842.55b (+4.00)c ndd
GSPAP 17/18(Δ17) 19139.35 19757.56 19147.98b (+8.63)c ndd
APLAS 20/21(Δ20) 18898.11 19516.32 18983.43b (+85.32)c
18964.81e (+66.70)c
ndd
SANPE 24/25(Δ24) 18545.68 19163.89 18616.43b (+70.75)c 19165.73e
(−1.84)c
a The increase of the molecular mass due to the binding of the heme was experimen-
tally found in this work to be 618.70 Da for Cytc550.
b Intact PSII.
c Difference between the calculated average molecular mass and the experimental
value.
d nd = not detected.
e Supernatant of the CaCl2-washing.4. Discussion
In addition to the 20 proteins found in the crystals of PSII, other
proteins like Psb27, e.g. [38–41], Psb28, e.g. [39–42], Psb29 [43],
PsbP (or CyanoP) and PsbQ (or CyanoQ) e.g. [38–41], and Ycf48 e.g.
[43] were found to be present in a proportions of PSII centers under
certain conditions. Some of these proteins have been proposed to be
involved in repair processes, assembly processes and PSII function,
e.g. [39–45]. The 3D structures of CyanoP [46], Psb27 [47] and Psb28
[48] have been recently determined.
Here, we show that a new protein is associated to PsbA2-PSII in
T. elongatus WT*2 cells in which both psbA1 and psbA3 are deleted
and therefore with PsbA2 as the D1 protein. This new protein was
detected neither in PsbA1-PSII nor in PsbA3-PSII [33,49]. EPR mea-
surements showed that this is a heme containing protein. The results
of the sequencings allowed us to identify this new protein to be
the product of the tll0287 gene. Until now the tll0287 gene product
has been registered in the cyanobase (http://genome.kasuza.or.jp/
cyanobase/thermo) as a hypothetical protein with an unknown func-
tion. Genes potentially coding for a homologous hemoprotein are
present in several cyanobacteria (see Supplementary material).
An incidental co-puriﬁcation of the Tll0287 present in the
non-membrane protein with PsbA2-PSII or an unspeciﬁc binding to
the PSII cannot be totally discarded. However we do not favor this
hypothesis for the following reasons: First, before the addition of
the detergent to the membranes these ones were extensively washed
(by resuspension/centrifugation cycles) until the supernatant became
clear. Second, an ultracentrifugation of the PsbA2-PSII did not modify
signiﬁcantly the Tll0287 content in PSII. Third, a washing with a high
concentration of salt (CaCl2, 2 M) or Tris (1.2 M, pH 9.2) was required
to separate the Tll0287 protein from the puriﬁed PSII. Fourth, we have
estimated by EPR the ratio Tll0287(PSII bound)/Cytc550(PSII bound) in
membranes before the addition of the detergent and in puriﬁed PSII.
The two ratios were similar. Fifth, both the PSII monomer and PSII
dimer further puriﬁed by gel ﬁltration chromatography retained
some Tll0287 protein. All these ﬁve points argue against a contamina-
tion. So, the presence of a large pool of the Tll0287 protein in whole
WT*2 cells and the association of this protein to PsbA2-PSII very likely
appear as a consequence of the presence of PsbA2 as the D1 protein. It
should be noted, however, that Tll0287 was detected at a trace level
in WT*1 cells (Fig. 4).
From the X-ray crystal structure of Cytc550 with a 1.9 Å resolution
when bound to PSII [3] and from the 1.8 Å resolution structure of
Cytc550 in the unbound state [36], we know that the heme of this
cytochrome is not subject to chemical modiﬁcations after the covalent
binding to the 2 cysteine residues (Cys37 and Cys40). Consistently,
the difference between the calculated average molecular mass of
the apo-Cytc550 without the transit peptide (15,130.01 Da) and the ex-
perimentally detected molecular mass of the mature Cytc550 (m/z =
15,748.71 in Fig. 4, spectrum a) could be estimated to 618.70 Da,
i.e. very close to themolecular mass of the heme (616 Da). This identity
shows that we can rely on the molecular masses experimentally deter-
mined by MALDI-TOF/MS in thism/z range. From the MALDI-TOF anal-
ysis and the N-terminal sequencing we found at least 4 differently
truncated Tll0287 proteins bound to PsbA2-PSII. As summarized in
Table 1, the Tll0287 protein had 11 truncated amino acid residues
(Δ11; ASLWI…), 17 truncated residues (Δ17; GSPAP…), 20 truncated
residues (Δ20; APLAS…) and 24 truncated residues (Δ24; SANPE…)
in the N-terminal region. A form with m/z = 19,165.73 which corre-
sponds to the molecular mass of Δ24-Tll0287 with a heme bound was
also detected. However, no peptide with a molecular mass correspond-
ing to the 3 other truncated Tll0287 with a heme bound was detected.
These results suggest that Tll0287 could be gradually digested on the
N-terminal region and that the polypeptide binds a hemewhen 24 res-
idues are digested. The mature Tll0287 protein seems to be very likely
the Δ24 form. The reasons and the process of this maturation process
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the N-terminal region of the PSII bound Tll0287 protein suggests that
the lacking amino acids belong to the transit peptide and therefore
that the protein is located on the lumenal side.
From the intensity of the extra band in the SDS-polyacrylamide
gel electrophoresis the Tll0287 protein seems associated to a large
proportion of puriﬁed PsbA2-PSII. However, from the MALDI-TOF
mass spectrometry discussed above, only the Tll0287 form with the
SANPE N-terminal sequence is expected to bind a heme. In agreement
with that, the amplitude of the Tll0287 EPR signal indicates a
substoichiometric amount if we assume that the heme was fully oxi-
dized. Indeed, the Tll0287 EPR signal is more narrow than the Cytc550
EPR signal and for a same spin concentration the amplitude of the gz
resonance of Tll0287 should be roughly 8 fold larger than that of
Cytc550 (not shown) when both spectra are recorded under non-
saturating microwave conditions (i.e. with less than 1 mW at 15 K
from Fig. 8). Although Tll0287 seems almost stoichiometrically asso-
ciated with PsbA2-PSII from SDS-polyacrylamide gel electrophoresis,
from the spectra in Fig. 6 and 7 the heme-containing Tll0287 protein
corresponds to approximately 25% of the Cytc550 content. We have
observed that the amplitude of EPR signal from Tll0287 could slightly
vary from PSII preparation to PSII preparation. However, the ratio
Tll0287(PSII bound)/Cytc550(PSII bound) was found similar in thylakoids
and puriﬁed PSII. This indicates that the amount of Tll0287 associated
to PSII likely results from a process which depends on the culture
conditions. Experiments are under progress to ﬁnd which parameter
is involved in such a regulation of the PSII-bound level of Tll0287.
This situation looks like that of Psb27, Psb28, Psb29, CyanoP, CyanoQ
and Ycf48which are bound to PSII under certain conditions (see above).
For Cytc550 a correlation has been done between the heme-axial li-
gands' geometry and the rhombicity calculated from the g values [36].
This correlation indicated that the binding of Cytc550 to PSII was likely
accompanied by structural changes in the heme vicinity with a more
distorted heme/axial ligand geometry [50–52] when bound to PSII.
Indeed, by comparing the crystal structure at 1.8 Å resolution of the
isolated Cytc550 [36] with that at 1.9 Å resolution of the Cytc550
bound to PSII [3] it appears that the heme/axial ligand geometry is
more distorted when Cytc550 is bound to PSII (not shown but see
Supplementary material). For the Tll0287 protein, the rhombicity pa-
rameter, ν/Δ = 0.93, and the tetragonality parameter, Δ/λ = 5.27,
suggest that the 2 heme axial ligands are likely His and Tyr. In addi-
tion to the conserved CxxCHmotif, the absence of a second conserved
His residue and the presence of 3 conserved Tyr residues (Fig. 5)
argue in favor of Tyr as a potential candidate to be the 6th heme
iron axial ligand. A tyrosine for the 6th axial ligand is not a common
structure. Among the rare cases we can cite for example the six-
coordinate low-spin form of MauG involved in the posttranslational
modiﬁcations of methylamine dehydrogenase e.g. [53] and references
therein, the CCmE protein [54] involved in Cytc maturation, e.g. [55],
the Cytcd1 nitrite reductase [56], the hemophore HasA belonging to
a heme acquisition system, e.g. [57]. The EPR data and the UV–visible
absorption spectrum of the partially puriﬁed Tll0287 protein indicate
that it is mainly in an oxidized state consistently with a Tyr ligation
expected to result in a low potential heme. Coincidentally, the molec-
ular mass of the Tll0287 protein, which is relatively high for a soluble
hemoprotein when compared to the other cytochromes involved in
electron transfer reactions is close to HasA which exists in two
forms, a membrane bound and a free form.
It is striking to ﬁnd a variety of N-terminal sequences for Tll0287.
Since the “SLWIQGSPAPLASANPE” sequence of Tll0287 corresponds
to a poor PEST sequence [58], we can wonder if this variety has a phys-
iological meaning in possibly a kind of heme transfer or a sort of Cytc
maturation system, e.g. [55,59–61] for reviews on the different Cytc
maturation systems. Alternatively, since the expression of the psbA2
gene has been shown to occur under micro-aerobic conditions [18], in
the presence of ≈20% O2 the production of Tll0287 in WT*2 cellscould be the answer to an oxidative stress. Future works would have
to solve these questions. In particular, a proteomic study aiming at
identifying other proteins co-expressed with Tll0287 has been un-
dertaken. Interestingly, spectrum a in Fig. 4 shows that a very small
amount of the Tll0287 protein was found bound to PsbA1-PSII. This
suggests that the mechanism requiring the association of Tll0287 to
PSII could be a general mechanism but, in the PsbA2-PSII case, the
step resulting in the dissociation/degradation of a PSII-Tll0287 com-
plex is a limiting step.
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